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Context

* The (extra)-galactic distance scale in cosmology

* (Cepheid variables as distance indicators

Contribution of Cepheid high-resolution spectroscopy
* Radial velocities
* Effective temperatures

* Line profile modeling
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The Hubble constant and expanding universe
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The cosmological distance scale
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The H0 tension
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Climbing the distance ladder
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Classical Cepheid variables
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Cepheids as standard candles : the Period-Luminosity (P-L) relation(s)
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Cepheid parallaxes ?

- Gaia DR2 parallaxes (mas)
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The parallax-of-pulsation (PoP) method

Integrated radial velocity Angular diameter
spectroscopy interferometry
. Cepheid | |
Baade-Wesselink (1918) \

d o AR / AB

UD (mas)

0.0£+00

Relative position (m)
o
™
+
[=]
@

-1.0E+09

-2.0E+09 + r
0 0.2 0.4 0.6 0.8 1 0

Phase

Credit : ESO d [pc] = 9.305 AR [Rg] / A0 [mas] 10



Distance scale Cepheid pulsators Radial velocities Effective temperatures Pulsation velocities Conclusions
) Gy > ————> | CE—

—> (G

The projection factor (p)
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SPIPS: a global implementation of the PoP method
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High-resolution spectroscopy of Milky Way Cepheids
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Input spectra
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Cross-Correlation Functions (CCFs)

CCF =~ mean line profile

— Higher S/N than single lines

— Quick +

— Common
j
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Tailored correlation templates
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Radial velocities
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Cepheid v, curves

Radial velocities Effective temperatures
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Cepheid pulsators
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Results: Voad methods
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Results: template box width
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Increased box width:

— reduces CCF asymmetry
— reduces v, , amplitudes
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Results: line-depth templates
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How to get robust Cepheid v,

Astronomy & Astrophysics manuscript no. aa35622-19 © S. Borgniet et al. 2019
September 7, 2019

Minimize CCF asymmetry !

— Centroid v 4 Consistent radial velocities of classical Cepheids from the
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Cepheid spectroscopic effective temperatures
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—— SPIPS model B Dor —— SPIPS model n AqI

6200 | Shifted model 67504 - Shifted model
HARPS classic LDR A SOPHIE classic LDR
*

"
€000 ¢ UVES_RED classic LDR Luck+ 2004

5800
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Terr (K)

5400

5200

5000

100
.
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Alternative to angular diameters

stars with ang. diam.
"5" 1050— : stars without ang. diam.
o] bias = 0.0 +- 0.3 %
= slope = 1.8% per 100K
£ 1.025 -
For distant Cepheids - oD
'.6 .
(no interferometric 0): =
£ 0.975 1
=
% 0.950 A
0 ©
LDR T 4 in SPIPS 0ol & | | | | |
— breaks degeneracy between = —300 -200 -100 O 100 200 300
: : o _
modeled T g and interstellar reddening % 1024 ¢ _ — Slope=-0.3% per 100K
A
£ 1.01 -
©
5
Y 1.00 -
=
= 0.99 -
A
£ 0.981
-6 1 I I I I I I
v -300 -200 -100 0 100 200 300
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A new approach to the p-factor issue

Bypass problematic Cepheid v, :

estimation !

Vpuls g
. o =

— Line profile/CCF modeling 2 WA -
‘:ﬂ > \// SN, x
= Y\ o f
= M N \ \
= =\ DN =V ——
xffz‘éf‘%\. 7 v >
T 0.2

= - W

0.0004 0.0008
wavelength (pm)

(Credit: Antoine Mérand) 29
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Synthetic Cepheid spectra

PHOENIX atmosphere models R A
Solar metallicity
logg 0.6 — 2.4 08
T, 4,000 - 7,000 K 3 T .
Vi = 2 km/s EOIG_

£

2 0.4

0.2 -

.5205 5206 5207 5208 5209 5210
Wavelength (4)
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Pulsation modeling

1.04

i

0.8 1

Normalized flux
©
o
)

o
>
1

/4

0.24

.5205 5206 5207 5208 5209 5210
Wavelength (4)

— Summing shifted spectra

-50 — 50 km/s

on stellar disk Vpuls

— Quasi-static approximation
(Vasilyev+ 2018)
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Synthetic Cepheid CCFs

v
puls Fitting observed CCFs

CCF grid:
— Correlation template } fixed
— Input T 4

Normalized CCF

— Input v

puls )
> 20,000 synthetic CCFs

1.1 > free
' == Additional parameter:
— CCF broadening Y,

T T T T
0 0 20 40 60

Teff

Normalized synthetic CCF

[ ] I [ I
—40 =20 0 20 40 32
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CCF modeling

Test on § Cephei (Cepheid prototype)

1.0- A_’-'\/w-q,. 1.0
w 0.8 w 0.8
O O
© 0-6’ “__’TM 5 0.6,
Q Q
N N
< 0.4 < 0.4
: :
O 0.2 i -,\/\M o 0.2
= =
0.01 <+ Observed 0.01 + Observed
—— Modeled —— Modeled
—-0.2 ' ; ‘ —-0.2 ; - .
—-200 —-100 0 100 200 —-200 -100 0 100 200
Vrag (km/s) Vrag (km/s)

Median-line template Strong-line template 33
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Photospheric pulsation velocities (v )

40 — 10 — 1.6
o ¢ RVec_c (kmys)

Vpuis (Km/s)
=
o o
| |
|
o
(o)
|
cCc—ocC
=
S
=3
——
—ee—
-
-
PR
*
%

~20- L eesere by R [X]
—10 - 1.3 +
» ~30— ‘
~30— —40— 121 *
—40 T T T T I | T T ' ' '
0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1. :
¢ (pulsation phase) b ¢ (pulsation phase)
Vous from CCF modeling Centroid v 4 P = Vous / Viad
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Direct distance estimation

PoP (SPIPS) + v

puls
instead of Vrad Distance (pc) 6 Cep
320
Gaia DR2:
— d instead of d/p (6 Cep B parallax)
300 + + + +
280
[] Benedict+ 2002
260 (HST parallax)
Tested templates:
weak-, median-, Storm+ 2011
240 strong-, all-lines (classical PoP)
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Conclusions & perspectives

Key role of high-resolution spectroscopy
— Milky Way Cepheid distances
— Period-Luminosity calibration

Perspectives in the Gaia era Lo
— 1000s Cepheids

— v,,q time series (Gaia RVS / DR4)

ESA

Counts [Normalised]

| |
call Call call

e
N

—— HIP58558

0'80450 8500 8550 8600 8650 8700
Wavelength [A]

Gaia RVS typical spectrum (Katz+ 2018)
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